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The molecular basis for acquisition of meiotic and developmental competence, the two main outcomes of oocyte development and essential for
producing an egg capable of being fertilized and supporting development to term, is largely unknown. Using microarrays, we characterized global
changes in gene expression in oocytes derived from primordial, primary, secondary, small antral, and large antral follicles and used Expression
Analysis Systematic Explorer (EASE) to identify biological and molecular processes that accompany these transitions and likely underpin
acquisition of meiotic and developmental competence. The greatest degree of change in gene expression occurs during the primordial to primary
follicle transition. Of particular interest is that specific chromosomes display significant changes in their overall transcriptional activity and that in
some cases these changes are largely confined to specific regions on these chromosomes. We also examined the transcript profile of oocytes that
developed in vitro, as well as following eCG priming. Remarkably, the expression profiles only differed by 4% and 2% from oocytes that
developed in vivo when compared to oocytes that developed in vitro from either primordial or secondary follicles, respectively. About 1% of the
genes were commonly mis-expressed, and EASE analysis revealed there is an over-representation of genes involved in transcription.
Developmental competence of oocytes obtained from eCG-primed mice was substantially improved when compared to oocytes obtained from
unprimed mice, and this correlated with decreased expression of genes implicated in basal transcription.
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primingIntroduction
The statements ‘‘omne vivum ex ovo’’ (all living things come
from eggs, and attributed to William Harvey) and ‘‘rare things are
precious things’’ (attribution unknown) highlight the central
importance of the mammalian egg. From biological and evolu-
tionary perspectives, it is essential that the limited number of eggs
the female produces are capable of being fertilized and giving rise
to normal development. Generating such ‘‘high quality’’ eggs,
however, is a most difficult process and entails coordinating
cytoplasmic and nuclear events during growth and maturation.
This process often goes awry, e.g., witness the remarkable age-
associated increase in the incidence of aneuploidy in human
females that is noticeable as early as age 35 (Hassold, 1986; Hunt
and Hassold, 2002). The issue of egg quality is highlighted in0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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donation studies reveal that the egg, and not the reproductive tract,
is often the cause of reduced fertility or infertility (Sauer, 1998).
Remarkably, the molecular underpinnings of what constitutes an
egg of ‘‘high’’ quality are essentially unknown.
Before oocyte growth begins, oocytes are stored in
primordial follicles that form during fetal development (or
shortly after birth) and are surrounded by a single layer of
flattened non-proliferating somatic cells (Amleh and Dean,
2002). After birth, primordial follicles are periodically recruited
into the growth phase by a poorly defined mechanism that
coordinates both oocyte growth, transformation of the follicle
cells into cuboidal granulosa cells, and granulosa cell
proliferation. During the growth phase of the mouse oocyte,
which is arrested in diplotene of the first meiotic prophase, the
diameter increases from ¨10 to 15 Am in the primordial resting
follicle to ¨80 Am in the preovulatory antral follicle (Schultz,
1986). Of particular note is that, during this period, the mouse86 (2005) 493 – 506
www.e
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ability to resume meiosis and progress to and arrest at
metaphase II) (Sorensen and Wassarman, 1976; Wickrama-
singhe and Albertini, 1992; Wickramasinghe et al., 1991) and
developmental competence (i.e., the ability to be fertilized and
develop to term) (Eppig and Schroeder, 1989).
Acquisition of meiotic competence, which is first observed
in mouse oocytes ¨60 Am in diameter (reached by day 15 post-
partum when the oocytes are present in small antral follicles),
initially entails the ability of oocytes to initiate resumption of
meiosis, as manifested by germinal vesicle breakdown and
chromosome condensation, and to progress to metaphase I. By
day 22, when large antral follicles are present, essentially all of
the oocytes in the first wave of growth and development can
progress to and arrest at metaphase II, with emission of the first
polar body. Acquisition of developmental competence occurs
during the final stages of oocyte growth, i.e., between the small
and large antral follicle stages. For example, the ability of
matured oocytes to be fertilized and develop to the 2-cell stage,
at which time the maternal-to-zygotic transition occurs (Schultz,
2002), is reached by day 20, but the ability to maximize the
incidence of development to the blastocyst is reached after 22
days (Eppig and Schroeder, 1989).
Correlated with acquisition of both meiotic and develop-
mental competence are global changes in the pattern of protein
expression as assessed by 2D gels (Schultz et al., 1979) and
presumably reflect, in part, underlying changes in gene
expression. Previous studies have also shown that changes in
gene expression, e.g., Cdc2, Wee1, Cdc25c, and Ccnb1, are
correlated with acquisition of meiotic competence (Kanatsu-
Shinohara et al., 2000; Mitra and Schultz, 1996). Nevertheless,
these studies are quite limited in scope because only a very
small number of genes were analyzed.
A basic tenet of developmental biology is that the program
for early development is laid down during oogenesis
(Davidson, 1986). Knowledge of the gene expression profiles
that occur during oocyte development will provide the first
glimpse at understanding the molecular basis for development
of an egg of high quality, i.e., an egg that is capable of being
fertilized and supporting development to term. We report here
an analysis of gene expression in oocytes present in follicles
at different stages of development (primordial, primary,
secondary, small, and large antral) using Affymetrix micro-
arrays. In addition, the transcriptomes of normal oocytes were
compared with oocytes having different potentials to undergo
embryogenesis that were obtained from eCG-primed mice and
oocytes that developed in vitro beginning at either the
primordial or secondary follicle stage.
Materials and methods
Oocyte collection
Oocytes were isolated from primordial, primary, secondary, small antral,
and large antral follicles obtained from B6SJLF1 mice that were 2, 6, 12, 17,
and 22 days old, respectively. At 22 days old, oocytes were isolated from both
unprimed mice and from mice that had received an IP injection of eCG 44 h
before oocyte isolation. Cumulus cell-enclosed oocytes were isolated from 17-and 22-day-old (eCG-primed and unprimed) mice by puncturing the antral
follicles using syringe needles, and, after collection using finely drawn glass
pipets, the cumulus cells were stripped from the oocytes by repeatedly
drawing them into the fine pipets. The cumulus cell-denuded oocytes were
washed in Whitten’s medium (Whitten, 1971) and collected with care to
exclude somatic cells. Oocytes from preantral follicles were collected from 6-
and 12-day-old mouse ovaries by digesting the ovaries with crude collagenase
and DNase in calcium- and magnesium-free phosphate-buffered saline as
described in detail (Eppig and Schroeder, 1989). Oocytes were obtained from
primordial follicles by digesting the ovaries from 2-day-old mice using
calcium- and magnesium-free Hanks buffered salt solution with 0.05% trypsin
and 0.53 mM ethylenediaminetetracetic acid (EDTA) (GIBCO-BRL, Grand
Island, NY), supplemented with 0.02% DNase-I and maintained at 37-C.
Dissociation into a single cell suspension was aided by frequent gentle
agitation by repeatedly drawing the tissue in and out of a Pasteur pipet (Eppig
et al., 2000). The primordial oocytes were collected excluding somatic cells
using finely drawn glass pipets.
Four sets of oocytes were collected from each of the following stages:
primordial, primary, secondary, small antral, and large antral follicle. To take
individual biological variance into account, except for oocytes isolated from
primordial follicles, each sample was separately collected from one female
mouse, and enough oocytes were used so that each sample had approximately
the same amount of RNA present in 20 fully grown oocytes from 22-day-old
mice; the amount of RNA was calculated based on the data reported by
Sternlicht and Schultz (1981) and corresponds to 400, 160, 60, 30, and 20
oocytes obtained from primordial, primary, secondary, small antral, and large
antral follicles, respectively. Multiple mice were required to isolate sufficient
numbers of oocytes from primordial follicles for each sample. Only oocytes
free of somatic cells were used.
Oocyte development in vitro
Oocytes were grown in vitro beginning with primordial oocytes from
newborn mice and oocytes in mid-growth phase from 12-day-old mice. The
culture periods were 22 days for the primordial oocytes and 10 days for the mid-
growth stage oocytes. Thus, the total chronological ages of both groups of
oocytes grown in vitro was 22 days, making them equivalent in age to the oocytes
from large antral follicles isolated from 22-day-old mice. The mid-growth phase
oocytes were cultured as oocyte–granulosa cell complexes isolated from the
ovaries of 12-day-oldmice using collagenase andDNase and cultured for 10 days
as described previously (Eppig and O’Brien, 1996; Eppig and Schroeder, 1989)
except the culture medium was MEM-alpha without ribonucleosides and
deoxyribonucleosides (Invitrogen Corporation, Carlsbad, CA). Primordial
oocytes were grown using a two-step method exactly as described previously
(O’Brien et al., 2003). After 10 or 22 days of culture, the granulosa cells were
stripped from the oocytes by vigorously drawing them into and out of a Pasteur
pipet, and the denuded oocytes were collected using finely drawn glass pipets.
Only oocytes at the germinal vesicle stage were used for microarray analysis.
Developmental competence of oocytes from eCG-primed or unprimed
22-day-old mice
To assess the effect of eCG priming on developmental competence,
cumulus cell-enclosed oocytes were isolated from ovaries of primed or
unprimed females as described above. They were matured in MEM-alpha
supplemented with Earle’s salts, 10 Ag/ml streptomycin sulfate, 75 Ag/ml
penicillin G, 3 mg/ml crystallized bovine serum albumin, and 3 mg/ml fetuin,
and in vitro fertilization and preimplantation development were carried out as
described previously (Eppig and O’Brien, 1996). When assessing develop-
ment to term, in-vitro-matured oocytes were fertilized with sperm obtained
from either green fluorescent protein (GFP) homozygous or wild-type (non-
GFP-carrying) males from the STOCK TgN(GFPU)5Nagy mouse line (stock
3115: JAX Research Systems, Bar Harbor, ME). The eggs derived from the
primed or unprimed mice in each experiment were fertilized with either the
GFP-carrying or non-GFP-carrying sperm, and, after development to the early
blastocyst stage, equal numbers of the two groups of embryos were mixed
before transfer to the uteri of pseudopregnant foster mothers. The group of
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experiment. This enabled the embryos to develop in utero under identical
and unbiased conditions, and the origin of offspring determined.
RNA extraction, labeling, and hybridization
Total RNA, extracted from oocytes using a PicoPure RNA Isolation Kit
(Acturus), was used for linear two-round amplification by in vitro transcription
and target cRNA preparation according to the Affymetrix Small Sample Prep
Technical Bulletin (www.affymetrix.com) with the following modifications.
The initial volume for RNA annealing was 5 Al, and the temperature for reverse
transcription was 45-C to increase the reaction efficiency. The final yield of
biotinylated cRNA for each replicate was 30–70 Ag, and 15 Ag was fragmented
at pH 8.1 at 94-C for 35 min. The material was then submitted to the Penn
Microarray Facility, and the cRNA samples were serially hybridized to
MOE430A and MOE430B GeneChips.
Microarray data analysis
Microarray Analysis Suite 5.0 (MAS, Affymetrix) was used to quantify
microarray signals with default analysis parameters and global scaling to
target mean = 200 for the MOE430 A chip and 230 for the B chip. GeneChip
tabular data are available at the Gene Expression Omnibus repository,
(www.ncbi.nlm.nih.gov/geo). The MAS metrics output was loaded into
GeneSpring v7 (Silicon Genetics) with per-chip normalization to the 50th
percentile and per-gene normalization to the median. To minimize false
positives, only the genes called as ‘‘Present’’ in at least 3 out of 4 replicates at
one developmental stage were used for Statistical Analysis of Microarrays
(SAM) analysis. Note that, on the Affymetrix GeneChip used, each probe set
represents one gene, but many unigenes are represented more than once by
different probe sets. All analyses described below were performed using
Affymetrix probe set lists, except that unigene was used in some table and
figure legends as noted to exclude gene redundancy.
SAM was applied to identify genes with significant differences among
samples at a 5% false discovery rate (FDR). Expression profiles for these
genes were plotted in GeneSpring across the corresponding stages to conduct
pattern searches by the following strategies. Condition tree clustering was
used to identify relationships among the global gene expression levels of
samples. Principal Components Analysis (PCA) was also used to display
significant variability among samples. K-means hierarchical clustering
divides genes into groups based on their expression patterns and produces
groups of genes with a high degree of similarity within each group and a
low degree of similarity between groups. In a time/treatment series
experiment, k-means clustering can identify unique classes of genes that
are up- or down-regulated in a time/treatment-dependent manner. Find
Similar Samples was used to calculate the correlation value between samples
and shows the overall similarity on the gene expression.
Fold-change was calculated under 5% FDR by SAM. Transient change
filters were applied to identify genes that varied 1.4-fold or greater. The use of
four biological replicates provided sufficient statistical power and confidence
levels to detect a 40% change in RNA abundance (Zeng et al., 2004). The
resulting gene lists were then imported into Expression Analysis Systematic
Explorer (EASE, version 2.0) to analyze the gene ontology for over-
representation (Hosack et al., 2003). The EASE score was calculated for
likelihood of over-representation of annotation classes, and only biological
processes with an EASE score less than 5% are shown.
Real-time RT-PCR analysis
Four hundred primordial and 160 primary oocytes were collected, and
total RNA was isolated as described above. Six genes were selected for
analysis, and the corresponding ABI TaqMan gene expression IDs were
Mm00492333_m1 (Gli3), Mm00432117_m1 (Bmpr1b), Mm00431657_m1
(Acvr2 ), Mm00773197_gH (Obox5 ), Mm00489637_m1 (Smad3 ),
Mm00433565_m1 (Gdf9), and Mm00501974_s1 (Hisst2h2aa1). Three repli-
cates were used for each real-time PCR reaction; a minus RT and a minus
template served as controls. Quantification was normalized to the endogenoushistone H2A within the log-linear phase of the amplification curve using the
comparative CT method (ABI PRISM 7700 Sequence Detection System, user
bulletin #2).
Results and discussion
Amplification of oocyte mRNA and experimental design
We previously obtained sufficient amounts of cRNA
following a double amplification of mRNA isolated from
80–430 pooled oocytes and preimplantation embryos that
were suitable for hybridization. To determine the biological
variation at the level of individual animals, we first
established procedures to isolate, amplify, and label RNA
from 5, 10, and 20 oocytes obtained from large antral
follicles that contain ¨2.5, 5, and 10 ng of total RNA and are
readily obtained from a single mouse. We found that, when
RNA was isolated from 10 or 20 oocytes, the amplification
procedure consistently produced >15 Ag of biotinylated RNA
(28 T 5 Ag and 42 T 2 Ag (mean T SEM), respectively),
which is sufficient for hybridization with the high-density
oligonucleotide chips; when 5 oocytes were used, the
procedure sometimes did not generate a sufficient amount
of material for hybridization.
To determine the sensitivity and reproducibility for tran-
script profiling when a small number of oocytes was used,
three replicate samples from 10 to 20 oocytes were generated
and hybridized to MOE430 A chip, which contains 22,555
probe sets. The microarray quality data showed the Present call
ranged 43–47%, the 3V/5V ratio for GAPDH 4.3–7.4 and actin
6.3–8, which was comparable to our previous results using 50
ng of RNA or 100 pooled oocytes using the similar RNA
labeling method (Zeng et al., 2004; Table S1). In addition, the
two samples failed to group following hierarchical cluster
analysis, and pair-wise comparison using SAM did not detect
the difference in expression of any genes using an FDR of 5%
(data not shown). We elected to use 20 oocytes for the
experiments described below because the P call and 3V/5V ratio
were optimal.
The Affymetrix Murine Genome Array MOE430 A and B
chips cover most of mouse genome and have more than 45,000
probe sets or 39,000 transcript and variants, or 25,535
unigenes, as well as ¨5000 unclustered transcripts (Gene-
Spring v7, March, 2005). To investigate whether the MOE430
chips cover the transcripts in the oocyte, we compared our data
to the available oocyte EST databases. We first surveyed the
NIA Mouse Unfertilized Egg cDNA Library (Long, dbEST
Library ID.10029). This library, which has the most oocyte
EST sequences of available libraries, has 1215 annotated genes
of which 1190 genes (98% of EST library) are represented in
the MOE430 chips. The NIA library also has 1930 unigenes of
which 1686 are found both in the EST library and in the
MOE430 chip. There are 242 genes whose EST counts are >10.
Of these 242 genes, 200 (82.6%) genes detected on the
microarray have a signal intensity >200, which is the average
expression level in the chip, and 140 (57.8%) have signal
intensity >1000. When the EST counts are >30 (48 genes), the
Table 1
Number of genes detected at different stages of oocyte development
Follicle stage Age of animal (days) Condition Probe sets Unigenes
Primordial 2 In vivo 14,358 9258
Primary 6 In vivo 14,447 9494
Secondary 12 In vivo 14,222 9420
Small antral 17 In vivo 13,744 9149
Large antral 24 In vivo 14,910 9839
2d–24d (total) In vivo In vivo 18,529 11,766
Large antral 24 eCG stimulation 14,822 9770
Primordial 0 In vitro 14,676 9567
Secondary 12 In vitro 14,619 9544
Probe set with ‘‘p’’ call in at least 3 of 4 replicates designated as probe sets
detected.
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the signal intensity was >1000. A possible explanation for why
there is no total correspondence of EST representation and
signal intensity is that different mouse strains were used in
these studies. Last, we believe that our microarray data more
accurately reflect expression levels because the EST counts are
likely biased due to preferential cloning of certain sequences.
In addition, we compared data to the NIA 22k chip, which is
stem cell and mouse embryo transcript-enriched. These chips
have 22,815 and 9510 non-redundant annotated genes,
respectively. Of these 9510 genes on the NIA chip, only 718
are not found on the MOE430 A and B chips, that is, 97% of
the genes on the NIA chip are found on the MOE430 A and B
chips. We selected randomly 20 genes and found that 9 are now
present in the NIH unigene database. Thus, it is possible that
only about half of the 718 genes on the NIA chip are not
present on the Affymetrix chips. Based on our data, MOE430
A and B chips likely contain most of the transcripts in mouse
oocytes.
Using these methods and MOE430 A and B chips, we
generated transcript profiles of oocytes obtained from primor-
dial, primary, secondary, small antral, and large antral follicles,
as well as in oocytes that developed in vitro or following eCG
stimulation. The Present calls averaged 44% for MOE430A
and 21% for MOEB, and the 3V/5V ratio was 7.08 for Gapdh
and 5.8 for Act (Actin). Overall similarity in profile between
replicates of the same time point was assessed using Find
Similar Sample of GeneSpring, which ranges from 0.93 to
0.98 with a median of 0.96 (Table S2). These correlation
values indicate a high degree of reproducibility in sample
collection, RNA isolation and labeling, and array hybridiza-
tion. Furthermore, the results suggest that follicles staged by
morphological and size criteria were also similar at the level
of oocyte gene expression. Last, somatic cell contamination
was minimal because we did not detect the presence of
Fst (follistatin) or Bmp2, 4, or 7 transcripts in the oocyte
preparations (Table S3).
Global changes in gene expression during oocyte development
in vivo
A recent study using the NIA 15K gene microarray
described the transcript profiles of whole ovaries obtained
from newborn (2–3 days post-partum) and adult (4- to 6-
month-old) mice (Herrera et al., 2005). Although expression of
oocyte-specific genes could be inferred, the presence of
somatic cells confounds analysis of genes expressed in both
oocytes and somatic cells with respect to their function in
oocyte development. A strength of the present study is that
expression profiles were analyzed in oocytes free of somatic
cells and at several key time points that correspond to major
transitions in oocyte development.
To minimize false positives, only transcripts called as
‘‘Present’’ in at least 3 out of 4 of replicates at one develop-
mental stage were taken as detected. From the primordial to
large antral stage, we detected 18,529 probe sets, which
correspond to 11,766 unigenes in oocytes that developedin vivo. An unsupervised hierarchical cluster analysis using all
genes detected (Table 1) revealed that all replicates indepen-
dently clustered as anticipated according to their developmental
stage (Fig. 1A)–a similar developmental progression was
observed following principal component analysis (PCA)
(Fig. 1B)–with branch distances, in most instances, fairly
minimal between replicates. Roughly the same number of
genes was detected at each developmental stage. This
appropriate clustering buttresses the validity of conclusions
drawn from analysis of the microarrays. In addition, although
oocyte volume increases ¨150-fold between the primordial
and large antral follicle stages, the number of transcripts
detected was essentially constant (Table 1).
The clustering dendogram revealed that the primordial
oocyte is separated from oocytes obtained from the other
stages and that it comprises a distinct subgroup. Thus, the
primordial to primary follicle transition is a major transition
and likely reflects the dramatic reorganization in follicle
structure and initiation of growth and development. Of the
16,883 probe sets detected in these oocytes, 5020 display a 2-
fold change in relative abundance (Table 2); of note is that
¨50% of the genes displayed a decrease or increase in their
relative level of expression. The percentage of genes that
change is much greater than that at the other transitions (see
below).
An apparent transition occurs between oocytes obtained
from secondary to small antral follicles and corresponds to the
acquisition of meiotic competence (Sorensen and Wassarman,
1976; Wickramasinghe and Albertini, 1992; Wickramasinghe
et al., 1991). Oocytes obtained from primary and secondary
follicles do not resume meiosis when placed in a suitable
culture medium. In contrast, oocytes obtained from small antral
follicles can resume meiosis when placed in culture, and the
fraction that reaches and arrests at metaphase II increases with
development to the large antral follicle stage. Some 736 genes,
of which ¨65% are down-regulated, display a significant 2-
fold change during this transition. During development from
the primary to secondary follicle stage, 576 genes, of which
¨60% are up-regulated, in the developing oocytes also exhibit
a 2-fold change.
Development from the small antral to large antral stage is
accompanied by acquisition of developmental competence, that
is, a higher fraction of inseminated MII eggs derived from large
Fig. 1. Hierarchical clustering and PCA of all samples from different
developmental stages. (A) Unsupervised clustering in GeneSpring was used
to analyze similarities among replicate samples across all stages tested. Oocytes
obtained from primordial (Po), primary (1-), secondary (2-), small antral (SA),
and large antral (LA) follicle. (B) PCA of gene expression in oocytes obtained
from follicles at different stages of development. Po-C and 2--C, oocytes
obtained following culture initiated with primordial or 2- follicles, respectively.
eCG, oocyte obtained from primed mice. The abbreviations for oocytes
obtained from follicles at different stages of development used in this figure are
used in subsequent figures.
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to MII eggs obtained from small antral follicles (Eppig and
Schroeder, 1989). Interestingly, only 180 genes display a
significant 2-fold change in expression during this transition
(Table S4). Like the transition accompanying acquisition of
meiotic competence (secondary to small antral follicle transi-
tion), the majority of these changes (¨60%) are decreases in
relative transcript abundance.
We also noted for each developmental stage analyzed that
24–25% of the genes expressed are not annotated. A pair-wise
comparison of developmental stages revealed that 67% of these
non-annotated genes are common between the primordial and
primary follicle stages and that ¨81% are common for the
subsequent transitions. Thus, the primordial to primary follicle
transition is accompanied by an increased incidence in changes
in expression of this class of genes when compared to otherstages. This finding is consistent with the aforementioned
analysis indicating that the greatest amount of change occurs
during the primordial to primary follicle transition.
Transcriptional activity of individual chromosomes during
oogenesis
The Affymetrix probes are selected from the 600 bases most
proximal to the 3V end of each transcript, and the T7-based
linear amplification method enables us to quantify gene
expression levels. Because >35,000 of 45,000 probe sets have
been assigned chromosomal loci, we could analyze our
expression data to survey the transcriptional activity of each
chromosome during oocyte development to ascertain if specific
chromosomes were preferentially transcribed, especially during
the primordial to primary follicle transition. All genes
expressed from each chromosome were summed to represent
chromosomal transcriptional activity. Chromosomes 4, 9, 15,
17, and X displayed a change in chromosomal transcriptional
activity >10% between the primordial and primary follicle
stages (Fig. 2A); chromosomes 4 and 9 exhibited an overall
increase transcriptional activity, whereas chromosomes 15, 17,
and X displayed an overall decrease. Little, if any, change in
transcriptional activity was observed during subsequent stages
of oocyte development.
We then assessed the relative transcriptional activity along
each of these chromosomes (Figs. 2B–F). Interestingly, for
chromosomes 4 and 9, the enhanced level of transcription is
apparently localized to specific chromosomal domains. For
example, domains D3 and E1 on chromosome 4 largely
account for the increase in transcriptional activity that occurs
during the primordial to primary follicle transition. Likewise,
the decrease in transcriptional activity for chromosomes 15 and
17 also appears largely restricted to chromosome domains, e.g.,
domains A3.3 and B1 for chromosome 17. In contrast, the
decrease in transcription from the X chromosome is relatively
uniformly distributed throughout the chromosome.
Changes in chromatin structure are poorly characterized
during the primordial to primary follicle transition. These
findings suggest that changes in chromatin structure that occur
during oocyte development may be chromosome-specific and,
more interestingly, restricted to specific regions of specific
chromosomes. It will be of interest to learn if these regional
changes in gene expression correlate with local differences in
the state of histone modifications (Fischle et al., 2003;
Jenuwein and Allis, 2001). For example, does region F2 on
chromosome 9 contain a relatively higher level of histones
linked with transcriptionally permissive/active chromatin, i.e.,
acetylated histones, histone H3 methylated on K4, etc.?
EASE analysis of gene expression during oocyte development
in vivo
EASE facilitates interpreting gene lists derived from
microarray experiments by providing statistical methods
(reported as an EASE score) for discovering biological themes
within gene lists. By identifying functional gene categories that
Table 2
Pair-wise comparison of number of genes differentially expressed
Comparison # probe sets Unigenes Probe sets expressed differentially (5% FDR)
1.4 2 5
Total Up Down Total Up Down Total Up Down
2d–6d 16,883 11,660 9973 4507 5466 5020 2331 2689 765 391 374
6d–12d 15,425 10,858 3055 1605 1450 576 354 222 30 25 5
12d–17d 15,106 10,717 2644 961 1683 736 262 474 55 23 32
17d–24d 15,420 10,903 1374 595 779 180 71 109 3 2 1
C0d–N24d 15,878 11,139 2910 1366 1544 473 167 306 17 9 8
17d–C0d 15,344 10,771 2928 1566 1362 414 270 144 13 11 2
C12d–N24d 15,715 11,014 1690 699 991 240 58 182 15 2 13
17d–C12d 15,257 10,708 2170 1124 1046 279 148 131 3 2 1
N24d–P24d 15,712 11,110 853 254 628 117 23 94 3 0 3
Probe set with ‘‘p’’ call in at least 3 of 4 replicates designated as probe sets detected. 2d, 6d, etc. refer to the follicle stages described in Table 1. C2d and C12d,
oocytes obtained following culture in vitro starting with either primordial or secondary follicles, respectively. N24d and P24d, oocytes obtained from unprimed and
eCG-primed mice, respectively.
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al., 2003). Note that over-representation does not refer to the
abundance of gene expression but rather describes a class of
genes that have similar functions that appear more often in a
list of interest than would be predicted by their distribution
among all genes assayed. (For more discussion about EASE,
see Zeng et al., 2004).
EASE analysis of gene expression during the first wave
of follicle development revealed biological processes that
were anticipated, some of which are shown in Table 3. For
example, oocytes increase in volume ¨150-fold during their
growth. The over-representation of genes involved in protein
synthesis, which includes genes involved in ribosome
biogenesis and assembly and translation, throughout the
growth phase likely reflects the high demand placed on
protein synthesis for oocyte growth because oocytes grow in
the absence of cell division and amplification of ribosomal
genes (Tian et al., 2001). Likewise, over-representation of
genes involved in cell cycle, in particular M-phase, is re-
assuring, given that oocytes develop while arrested in the first
meiotic prophase and oocyte maturation is viewed as cell
cycle progression from G2 to M. The loss of statistical
significance for the cell cycle category in fully grown oocytes
obtained from large antral follicles (day 22) may reflect
completion of meiotic competence, that is, these oocytes
mature and arrest at metaphase II at a frequency higher than
that observed with oocytes obtained from small antral
follicles (day 17). Up to day 12 (secondary follicle), there
is no over-representation of genes involved in microtubule-
based processes; oocytes within secondary follicles are meio-
tically incompetent. Development to the small antral follicle
stage is associated with the ability of the maturing oocyte to
form a spindle (Sorensen and Wassarman, 1976; Wickrama-
singhe and Albertini, 1992; Wickramasinghe et al., 1991).
Interestingly, mirroring this change is an over-representation
of genes expressed that are involved in microtubule-based
processes.
The over-representation of genes involved in DNA repair
and response to DNA damage was first noted in fully grown
oocytes (Zeng et al., 2004) and proposed to confer a pro-tective mechanism to insure genomic integrity of the female
germ line. Consistent with this proposed function is that
EASE analysis reveals that this over-representation is
observed at the onset of and throughout oocyte development.
The transient over-representation of genes involved in DNA
replication and chromosome cycle was unanticipated, given
that DNA replication will not occur until after fertilization
(see below for further discussion). In addition, analysis of the
gene lists reveals that for each biological process at least 80%
of the genes are common between all the developmental
stages. Gene lists for the EASE analysis are found in Table
S5. Last, we also derived lists of genes whose expression
increased by at least two-fold between each developmental
stage. These lists were then subjected to EASE analysis for
GO biological processes. For genes whose relative expression
increased, we found that there is an increase in relative
abundance of transcripts from genes involved in cell
proliferation (EASE score of 9.3E-08), cell cycle (1.3E-07),
and transcription from a Pol II promoter (2.2E-03) for the
primordial–primary follicle transition, i.e., during initiation of
the growth phase.
Validation of expression patterns
Before analyzing different types of transcript profiles during
oocyte development, we first validated the expression patterns
observed from the GeneChips with genes whose expression
patterns have been previously determined. In contrast to our
previous study in which we took this approach (Zeng et al.,
2004), detailed analysis of temporal patterns of gene expression
during oocyte development is rare, e.g., genes encoding zona
pellucida proteins. Typically, measurements have been made
with incompetent oocytes obtained around day 12 and fully
grown oocytes. We examined the expression of many such
genes, and, for all genes queried against the data set, temporal
patterns of expression consistent with previous reports were
observed; some representative patterns are shown in Fig. 3. For
example, expression of Zp1 increases during early oocyte
growth and then starts to decline around mid-growth (Epifano
et al., 1995). Likewise, an increase between incompetent and
Fig. 2. Transcriptional activity of individual chromosomes during oocyte development. (A) Relative transcriptional activity of individual chromosomes during oocyte
development was computed as described in the text. (B–F) Relative transcriptional activity across chromosomes 4, 9, 15, 17, and X, each of which displayed at least
a 10% change in expression during the primordial to primary follicle transition. The arrows point to developmental transitions that exhibited significant changes in
chromosome transcriptional activity.
H. Pan et al. / Developmental Biology 286 (2005) 493–506 499fully grown oocytes in relative transcript abundance has been
noted for the G protein G13 (Williams et al., 1996) and a
decrease in CCNE1 (cyclin E1) and CDK2 (Moore et al., 1996).
Little, if any, change was observed in the transcript level for
CDK4 (Moore et al., 1996).
We also used real-time PCR to confirm the microarray data
for six genes of interest that displayed an increase during the
primordial to primary follicle transition. In each case, the
fold-change observed by real-time PCR was very similar to
that observed from the microarrays (Table S6). The concor-
dance of results obtained from these two independent lines of
experimentation strongly suggests that the expression profiles
derived from the GeneChip analysis accurately represent the
qualitative changes in gene expression that occur during
oocyte development.Temporal patterns of gene expression during acquisition of
meiotic and developmental competence
The magnitude of changes in gene expression that accom-
pany the primordial to primary follicle transition far exceeds
those that occur during any subsequent stage of oocyte
development. Accordingly, we chose to analyze gene expres-
sion patterns from the primary to large antral follicle stage, i.e.,
during the period of acquisition of meiotic and developmental
competence, to identify genes that display coordinate changes
in expression. We analyzed transcripts of 11,511 genes that
displayed statistically significant changes in expression by a k-
means nonhierarchical clustering method and identified five
clusters (Fig. 4). Cluster 1 represents genes that displayed a
step-wise decline in transcript level from the primary to small
Table 3
EASE of selected biological processes
GO biological process Over-representation (EASE score)
2d 6d 12d 17d 22d
Protein biosynthesis 5.95E-05 5.52E-05 2.07E-08 1.56E-06 1.34E-04
Ribosome biogenesis and assembly 4.22E-02 5.86E-05 2.56E-04 6.02E-06 1.87E-03
Cell cycle 1.22E-05 1.37E-05 1.70E-02 3.80E-03 *
DNA repair 3.33E-02 5.37E-03 3.04E-04 5.95E-04 4.17E-02
Chromatin assembly or disassembly 1.62E-02 3.80E-02 2.88E-02 * *
Response to DNA damage stimulus 2.72E-02 1.17E-03 5.21E-05 7.23E-05 6.70E-03
Microtubule-based process * * * 3.89E-02 2.87E-02
2d, 6d, etc. refer to the follicle stages described in Table 1.
H. Pan et al. / Developmental Biology 286 (2005) 493–506500antral stage. Cluster 2 represents genes whose expression was
relatively constant until the secondary follicle stage and then
decreased during formation of the small antral follicle. Clusters
3 and 5 represent genes whose expression increased between
the primary and secondary follicle stages and between the
secondary and small antral follicle stages. Note that these
patterns mirror developmental changes, in particular acquisi-
tion of meiotic competence, and the global decrease in Pol II-
mediated transcription occurs between the secondary and small
antral follicle. Cluster 4 reflects genes whose expression
transiently decreased during the middle of oocyte growth.
Gene lists are presented in Table S7.
The genes in each cluster were then subjected to EASE
analysis. Consistent with growth and initiation of acquisition of
meiotic competence occurring between the primary and
secondary follicle stages is the over-representation of genes
in cell cycle, biosynthesis, and macromolecular metabolism in
Cluster 3. In Cluster 2, a battery of genes involved in basal
transcription from Pol II promoters reveals a decrease between
the secondary and small antral follicle stages and may
contribute to the global transcriptional silencing observed in
the fully grown oocyte. These thirty-one genes include Abt1
and Sp4, general activators of basal transcription; Cdk9,
involved in elongation via its ability to phosphorylate the
CTD of the largest subunit of Pol II; Smarca3, a member of the
SWI/SNF family involved in chromatin remodeling. What was
unanticipated is the progressive increase in transcript abun-
dance for a number of genes involved in DNA replication (e.g.,
Cdc45l, Mcm2 and 4, Orc4l, 5l, and 6l, Pold3; Cluster 5). The
accumulation of these transcripts may prepare the oocyte forFig. 3. Validation of expression profiles of previously characterized genes of
interest. Shown are average microarray expression levels of selected genes.
These profiles match previously determined individual patterns that are
discussed in the text.DNA replication following fertilization. In light of recent
findings that some proteins involved in DNA replication have
other functions, these gene products could function in
chromosome structure and integrity (Anger et al., 2005). It is
interesting to note that the products of Polb, Poll, and Polm,
each of which is found on the list and involved in DNA
replication, are also involved in DNA repair, underscoring the
EASE analysis for over-representation of genes involved in
maintenance of genomic integrity.
Expression profiles of genes involved in cell communication,
cell cycle, phosphorylation, and transcription
We also queried the database to discern expression profiles
of gene classes whose products are likely involved in
acquisition of meiotic competence, namely, cell cycle regula-
tors and protein kinases and phosphatases. In addition, because
oocytes secrete proteins that can act on the companion follicle
cells, we examined the expression patterns of secreted proteins,
especially in light of the finding that oocyte is primarily
responsible for driving early follicle development (Eppig et al.,
2002; Matzuk et al., 2002).
To define the genes encoding for the secreted proteins, we
first generated a list of genes whose protein products both
locate in the ‘‘extracellular space’’ and function as a ‘‘signal
transducer’’ and then manually analyzed the list of genes to
exclude genes not of interest, i.e., receptors, extracellular
matrix components, etc. The resulting gene list includes the
transcripts encoding the ligands for TGFh, Shh, Notch, Wnt,
and many other signal pathways. We analyzed the genes that
were detected and displayed statistically significant changes in
expression by SAM analysis and identified five clusters by a k-
means nonhierarchical clustering method (Fig. S1 and Table
S8). The genes in Cluster 1 that display a marked up-regulation
between the primordial and primary follicle stage are partic-
ularly interesting as they likely play an important role in early
follicle development. Consistent with a previous report, Bmp15
and Gdf9, which are critical for the follicle development, are
found in Cluster 1. In addition, Bmp5, Bmp6, Tgfb2 and Tgfb3
were also found in the same cluster, implicating that TGFh
signaling produced by oocyte may regulate proliferation and
differentiation of follicle cells through a group of secreted
ligands. Moreover, we also detected expression of ligands for
Notch, Shh and EGF signaling pathways in Cluster 1. For the
Fig. 4. Expression profiles of genes that exhibit coordinate changes in relative expression during oocyte development. The number in parenthesis is the number of
genes grouped into that specific cluster.
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were detected and expressed in multiple patterns. Interestingly,
both Jag 1 and 2 increase significantly from primordial to
primary stage, and their abundance is also 10-fold higher than
that of the other ligands. Shh, EGF, and TGFa are also found
in Cluster 1. This suggests that multiple signaling pathways
driven by expression of the oocyte-secreted ligands operate in
follicle development. Although the function of these signaling
pathways in follicle development remains to be determined,
studies in invertebrate models suggest that some ligands are
essential. For example, delta, which encodes a Notch ligand
expressed in the germ line, is required to control temporally
growth and specification of follicle cells in Drosophila ovary
(Lopez-Schier and St Johnston, 2001). Hedgehog is also
essential for proliferation of ovarian somatic cells in Drosoph-
ila. Of note is that we failed to detect expression of any Wnt
ligands.
Six clusters were generated for expression profiles of cell
cycle regulators, protein kinases, and phosphatases (Figs. 5A–
C). Genes whose products comprise the core of the regulatory
network for acquisition of meiotic competence and mainte-
nance of meiotic arrest fall into different expression patterns.
They are Ccnb1 (cyclin B1) and Cdc2 (Cdc2a) that are in turn
regulated by the products of Cdc25 and Wee1 and the cAMP-
dependent protein kinase PKA that is required for maintenance
of meiotic arrest. CDC25B is essential for resumption of
meiosis (Lincoln et al., 2002) and via CDK1 activation may
lead to CDC25C activation to initiate an amplification loop
(Nilsson and Hoffmann, 2000). Ccnb1, Cdc2a, Cdc25b and c,
and Wee1 are found in Clusters 1, 5, 1, 4, and 2, respectively
(Fig. 5B). Of interest is that the increase in Cdc25c expression
occurs during acquisition of meiotic competence. The catalytic
subunits of PKA, PRKACA and PRKACB, are found in
Clusters 5 and 2, respectively, while the regulatory subunits
PRKAR1A, and PRKAR2A and PRKAR2B are found in
Clusters 5 and 4, respectively (Fig. 5B).
Protein phosphatase 2A, which is the main target of okadaic
acid inhibition, may play a role in oocyte maturation. Okadaic
acid treatment can overcome meiotic arrest by agents that
maintain elevated cAMP concentrations (Schwartz and Schultz,
1991), and a transient increase in PP2A activity occurs
concomitant with or shortly after CDK1 activation during
maturation (Winston and Maro, 1999). Both the alpha and beta
isoforms (Ppp2ca and Ppp2cb) of the catalytic subunit of
PPP2A are found in Cluster 4 (Fig. 5C). Up-regulation of
PPP2A may be linked to the ability of okadaic acid to induce
resumption of meiosis of meiotically incompetent oocytes viaMAP kinase (Chesnel and Eppig, 1995; de Vantery Arrighi et
al., 2000). The transcript most up-regulated in Cluster 4 is
regucalcin (Rgn). Regucalcin, which is a calcium-binding
protein that lacks an EF-hand motif, is implicated in several
Ca+2-dependent cellular processes, including inhibition of
protein phosphatases (Yamaguchi, 2000). A function for
regucalcin in oocyte development, however, is not known.
We also generated expression profiles for transcription
factors in order to gain insight into both initiation of oocyte
growth and the molecular basis for the global reduction in
transcription that becomes apparent in the mid-growth phase
(Fig. 5D). Because the primordial to primary follicle transition
is very poorly characterized at the molecular level (Kezele et
al., 2005), we analyzed the genes that were either up- or down-
regulated by at least 5-fold during this transition (Table S9).
Expression of transcription factors likely underlies the
dramatic change in global pattern of gene expression that
accompanies this transition. Therefore, we further analyzed this
list for up-regulated genes that were absent in primordial
oocytes but present in primary follicles and for down-regulated
genes that were present in primordial follicles but absent in
primary follicles. Of particular interest is the dramatic increase
in expression of Gli3, Mrg1, Tcfap2e, and Obox5. Gli3 is a
central component of the sonic hedgehog signaling pathway,
serving as either an activator or repressor of transcription for
target genes that include BMPs and members of the Wnt family
(Cohen, 2003). This pathway is implicated in a variety of cell–
cell interactions–mutations in the pathway can result in several
syndromes in humans–and a hallmark of the primordial to
primary follicle transition are pronounced morphological
changes in the companion follicle cells. The apparent increase
in Gli3 expression may be a core component driving this
transition, in particular with respect to regulating expression of
Bmps that are up-regulated during this time (see above).
Mrg1 (also known as Cited2) encodes a CBP/p300-
interacting transactivator containing a glu/asp-rich carboxy-
terminal domain that can interact with and activate many
isoforms of the transcription factor AP2, e.g., TCFAP2A and B
(Activator protein 2 (AP2) A and B) (Bamforth et al., 2004).
Given the high degree of homology of TCFAP2E with these
isoforms, it is very likely that MRG1 activates TCFAP2E. The
dramatic increased expression of these genes may reflect a
cooperativity essential for oocyte development. Last, although
little is known about the function of OBOX5 (Rajkovic et al.,
2002), whose transcripts are oocyte-specific and detected at
very low levels in oocytes derived from primordial follicles, the
large increase in relative transcript abundance suggests that it
Fig. 5. Expression profiles of genes classified as being involved in cell cycle (A), protein kinases (B) or phosphatases (C) or transcription factors (D). The number in
parenthesis is the number of genes grouped into that specific cluster.
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growth.
A change in DNA configuration accompanies acquisition of
meiotic competence. In meiotically incompetent oocytes, DNA
is diffusely localized throughout the nucleus, the so-called non-
surrounded nucleolus (NSN) configuration. In contrast, acqui-
sition of meiotic competence is accompanied by a condensation
of DNA around the nucleolus, the surrounded nucleolus (SN)
configuration (Miyara et al., 2003; Wickramasinghe et al.,
1991). This change in chromatin structure has long been
thought to be a major factor responsible for the decrease in
transcription that accompanies acquisition of meiotic compe-tence. This now appears unlikely because oocytes deficient in
nucleoplasm 2 (Npm2) do not undergo the NSN to SN change
but still undergo the decrease in transcription (De La Fuente et
al., 2004). Reciprocally, inducing histone hyperacetylation with
trichostatin A results in chromatin decondensation, but no
increase in transcription is observed. Thus, changes in the
activity of the transcription machinery are likely critical for this
decrease in transcription.
Consistent with this proposal is the decrease in expression
of genes in Clusters 3 and 5 could contribute to the global
decrease in transcription that accompanies oocyte growth. For
example, the decrease in relative transcript abundance of
Fig. 6. Hierarchical clustering of all samples that developed from either
primordial or secondary follicles in vitro and oocytes that developed in vivo
and derived from either small or large antral follicles.
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Tbpl1 and 3, Sp1, Sp3, Sp4, Crebbp, Gtf2e1, and Tcf12
(Cluster 5) could in principal reduce the activity of RNA
polymerase II. Of interest are Sp4 and Tcf12 that decreased 33-
and 12.5-fold, respectively, from the beginning to end of
oocyte development. Likewise, the decrease in Polr3h (Cluster
3) and Polr3e (Cluster 5) could reduce the activity of RNA
polymerase III. Gene lists of the genes identified by these
EASE analyses are found in Table S10.
Gene expression in oocytes that develop in vitro
Culture methods have been established that support
development of primordial and secondary follicles and result
in meiotically competent oocytes, some of which are capable of
being fertilized and developing to term (Eppig and O’Brien,
1996). Nevertheless, although the meiotic competence of these
oocytes approaches that of oocytes that develop in vivo, their
developmental competence is compromised. For example, 30%
of oocytes from 12-day-old mice that matured after 10 days in
culture developed to the blastocyst stage (Eppig and O’Brien,
1996), and only about 12% of these developed to term (Eppig
and Schroeder, 1989). Moreover, only 10% of the oocytes
grown from the primordial stage and matured in vitro
developed to the blastocyst stage, and, of these, 17.4%
developed to term (O’Brien et al., 2003). Accordingly, we
used microarrays to assess global patterns of gene expression in
oocytes that developed in vitro to identify genes that may be
critical for developmental competence, i.e., genes that are mis-
regulated following culture, with the further goal of establish-
ing if reduced developmental competence correlates with mis-
regulated expression of only a few genes or a constellation of
genes.
Hierarchical cluster analysis revealed that the gene expres-
sion profile obtained from oocytes that developed from either
primordial or secondary follicles was more similar to that in
oocytes that developed in vivo and present in large antral
follicles than to the profile present in oocytes derived from
small antral follicles (Fig. 6). This suggests that differences
between oocytes that developed in vitro and in vivo are less
likely attributable to a developmental delay. Not surprisingly,
the expression profile of oocytes that developed in vitro from
primordial follicles was more discordant than that of oocytes in
which secondary follicles were used as the starting material;
developmental competence of oocytes obtained following
culture of primordial follicles is reduced when compared to
oocytes obtained following culture of secondary follicles.
The expression profiles of oocytes that developed in vitro
from either primordial or secondary follicles were remarkably
very similar to that of oocytes that developed in vivo (Table 4,
and gene lists for the up- and down-regulated genes are found
in Table S11). We found that 427 and 215 genes, namely 4%
and 2% of all expressed genes, were mis-expressed >2-fold
when culture was initiated at either the secondary or primordial
follicle stages, respectively. Note that, because pools of oocytes
were analyzed and these pools contain oocytes of full and
impaired developmental competence, the observed differencesin expression relative to oocytes that developed in vivo are
underestimated. As anticipated, the expression profile derived
from secondary follicles better approximated the expression
profile in oocytes that develop in vivo than oocytes derived
from primordial follicles. That only a small fraction of genes is
mis-expressed following oocyte development in vitro is
consistent with their ability to mature and be fertilized at an
incidence similar to oocytes that develop in vivo and provides
further support that the culture system employed affords a
suitable experimental system to study oocyte development in
vitro. Nevertheless, developmental competence of in-vitro-
developed oocytes is compromised, highlighting that embryo-
genesis begins during oogenesis (Davidson, 1986).
We determined the set of genes that are commonly mis-
regulated in oocytes derived from primordial and secondary
follicles to gain insight regarding their reduced developmental
competence and found that ¨1% (108) were commonly mis-
regulated. EASE analysis revealed that there is an over-
representation of genes involved in transcription (19 list hits,
with an EASE score of 4.5E-03). Of potential interest is the
increased expression of Ctcf (3-fold) and Dnmt3a (3-fold), two
genes essential for establishing the correct DNA methylation
pattern on the maternal genome. CTCF, which is an insulator,
binds to specific sequences in a DNA-methylation-sensitive
manner (Bell and Felsenfeld, 2000). In the oocyte, CTCF
blocks methylation of specific DNA sequences (Fedoriw et al.,
2004). DNMT3A catalyzes de novo DNA methylation (Okano
et al., 1999). Their increased expression could lead to aberrant
DNA methylation patterns in the oocyte (or in the developing
embryo due to maternally inherited CTCF/DNMT3A) that
reduce developmental competence. This common set of mis-
regulated genes could also contribute to the finding that
Table 4
Gene expression in oocytes following development in vitro
Decrease Increase Total
Primordial 145 (1.37%) 282 (2.66%) 427 (4.03%)
Secondary 45 (0.42%) 170 (1.60%) 215 (2.02%)
Common 17 (0.16%) 91 (0.86%) 108 (1.02%)
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parts that develop in vivo (Eppig and O’Brien, 1996).
Effect of eCG stimulation on developmental competence and
gene expression
Previous studies using either hamsters or mice noted that
eCG treatment results in reduced developmental competence
(Ertzeid and Storeng, 2001; McKiernan and Bavister, 1998). A
significant difference in the experimental design is that those
studies used a superovulation protocol, whereas we only used
eCG to promote follicular development but not ovulation. In
our study, oocyte maturation occurred in vitro and thus focuses
solely on the effect of eCG on developmental competence and
is not confounded by the added effect of hCG on oocyte
maturation and ovulation in vivo.
In contrast to these previous studies, we find that eCG
stimulation enhances oocyte developmental competence (Fig.
7); the outcome of eCG treatment was a higher incidence of
cleavage to the 2-cell stage and that more of these 2-cell
embryos developed to the blastocyst stage when compared to
oocytes obtained from unprimed mice. Moreover, results of
embryo transfer experiments using our experimental design
that enables the transferred embryos to develop in utero under
identical and unbiased conditions revealed that the develop-Fig. 7. Effect of eCG priming on preimplantation development. The data are
expressed as the percent of embryos that develop to the 2-cell stage relative to
the total number of eggs inseminated (2-cell/total); 2-cell embryos that develop
to the blastocyst stage (Blast/2-cell); and fertilized eggs that develop to the
blastocyst stage (Blast/total). Solid bars, oocytes obtained from unprimed mice;
open bars, oocytes obtained from eCG-primed mice. The results are the mean T
SEM of three independent experiments in which ¨100 oocytes were used for
each group, i.e., a total of ¨300 oocytes in each group. The primed and
unprimed groups were compared using the Student t test and in each case are
significant ( P < 0.05).mental competence of these blastocysts was also greater. When
comparing the developmental potential of oocytes from 22-
day-old eCG-primed and unprimed mice, 43.5 T 0.5%
(unprimed) and 76.5 T 3.3% (primed) of the oocytes matured
in vitro developed to the blastocyst stage; P < 0.05, three
independent experiments. Moreover, 15 of 141 (10.6%)
blastocysts derived from the in vitro matured oocytes of
unprimed mice developed to term compared with 47 of 148
(31.8%) from the primed mice. Therefore, stimulation of
follicular development by eCG priming significantly improves
the developmental competence of oocytes not only during
preimplantation development, but also to term.
We then conducted microarray experiments to correlate
changes in gene expression with improved developmental
competence in response to eCG priming. Hierarchical cluster
analysis revealed that, although the global pattern of gene
expression obtained from primed and unprimed oocytes was
quite similar, there was nevertheless a tendency for the samples
to cluster (Fig. 8). We analyzed the microarray data for genes
that exhibited at least a 40% change in relative expression. We
chose this smaller fold-change because any changes would
have had to occur over a relatively short period of time (i.e.,
less than 2 days). Because pools of oocytes were analyzed from
eCG-primed mice and contained a portion of oocytes of
enhanced developmental competence, the observed fold-
changes may in fact underestimate the actual fold-changes in
oocytes whose developmental competence has increased in
response to eCG priming. Of interest is that Camk2g and
Cdc20 were up-regulated. Increased Camk2g expression could
result in a greater response to the calcium oscillations that are
essential for egg activation (Ducibella et al., 2002; Markoulaki
et al., 2003; Markoulaki et al., 2004). Similarly, an increase in
the amount of CDC20 could enhance activation of the
anaphase promoting complex (APC) that would lead to cyclinFig. 8. Hierarchical clustering of all samples obtained from large antral follicles
from either eCG-primed or non-primed mice. LA, oocytes obtained from large
antral follicles of unprimed mice; P-LA, oocytes obtained from large antra
follicles of eCG-primed mice.l
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2004). EASE analysis of transcripts that exhibited a 40%
decrease indicated an over-representation of genes involved in
transcription (55 list hits, EASE score, 3.4E-03).
A global decrease in transcription that results in transcrip-
tionally quiescent (or nearly quiescent) in fully grown oocytes
appears to be a universal hallmark of oocyte development
(Davidson, 1986), but why oocytes become transcriptionally
quiescent remains a conundrum. Down-regulation of genes
involved in aspects of basal transcription, e.g., Polr2a (the
large subunit of RNA polymerase II), Sp1, Tceb3 (a transcrip-
tion factor involved in elongation), could contribute to the
further reduction in transcriptional activity that occurs follow-
ing eCG administration. For example, about 50% of fully
grown oocytes obtained from non-primed mice are transcrip-
tionally inactive, whereas ¨80% are inactive following eCG
administration (De La Fuente and Eppig, 2001). This decrease
in transcriptional activity closely correlates with the improved
developmental competence following eCG treatment and
therefore could underlie the observed improvement.
Conclusion
The results described here provide a wealth of insights
regarding the molecular basis for the primordial to primary
follicle transition, acquisition of meiotic and developmental
competence, compromised developmental competence of
oocytes that develop in vitro, and enhanced competence of
oocytes derived following eCG administration. These findings
also suggest that egg quality is unlikely the outcome of
expression of a highly restricted number of genes. Rather, a
range of expression spectra that are the product of the oocyte’s
developmental life history (e.g., development in vitro) are
likely compatible with developmental competence. Moreover,
we have identified several candidate genes for further study
using our transgenic RNAi approach (Stein et al., 2003), e.g.,
Gli3, that illustrate the power of this hypothesis generating
approach to identify candidate genes that will be the subject of
experiments using a hypothesis-driven approach.
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